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Analytical cell fractionation of isolated rabbit renal proximal tubules.
Proximal tubules were isolated in highly pure form from rabbit cortices
by a mechanical procedure that is known to preserve the structural and
metabolic aspects of the tubular cells. Postnuclear supernates prepared
from the isolated tubules were subjected to isopycnic centrifugation in
linear sucrose gradients. The enzyme activities associated with the
plasma membrane (-y-glutamyl transpeptidase, amino-peptidase M, al-
kaline phosphatase, Na-K-ATPase, and phosphodiesterase I) exhibited
sharp unimodal frequency-density profiles with a median density near
1.16 g/ml, which shifted to a heavier density when treated with
digitonin. The lysosomal enzymes, N-acetyl43-glucosaminidase, cs-
mannosidase, and cathepsin B, and the peroxisomal enzyme catalase
exhibited particle-associated activity near a density of 1.22 g/ml.
Disruption of these particles by freezing and thawing resulted in these
activities appearing in the p = 1 .10 g/ml region of the gradient where the
soluble cytosolic enzyme, phosphoglucomutase, exhibited activity.
Cytochrome oxidase activity typical of mitochondria gave a sharp
unimodal profile at p = 1.18 g/ml. Microsomal glucose-6-phosphatase
and NADPH: cytochrome c reductase activities gave median densities
near 1.16 g/ml, which did not change after incubation with digitonin.
Galactosyl transferase activity gave a skewed profile at p = 1.16 g/ml
and showed a slight shift to heavier density after digitonin. This study of
the enzyme activities and density gradient distribution of the compo-
nents of the proximal tubule cells provides the methodology for the
further study of the cellular processing of endogenous and exogenous
substances by this vital cell type.
Fractionnement cellulaire analytique de tubes proximaux isolés de
lapin. Des tubes proximaux ont été isolés en une preparation hautement
purifiée a partir de cortex de lapin par un procédd mecanique qui
preserve les caractéristiques structurales et métaboliques des cellules
tubulaires. Les surnageants préparés a partir des tubes isolés ont été
soumis a une centnfugation isopycnique dans des gradients linéaires de
sucrose. Les activitCs enzymatiques associées a Ia membrane plas-
mique, y-glutamyl transpeptidase, aminopeptidase M, phosphatase
alcaline, Na-K-ATPase et phosphodiestérase I ont mis en evidence des
profits unimodaux de fréquence de densité avec une densité mCdiane
proche de 1,16 g/ml qui s'élève après traitement par La digitonine. Les
enzymes lysosomiaux, N-acétyl-fl-glucosaminidase, ct-mannosidase et
cathepsine B et l'enzyme peroxysomale, Ia catalase, avaient une
activité associée a Ia fraction particulaire près d'une densité de 1,22 g/
ml. La destruction des particules par congelation et dCcongélation a eu
pour résultat l'apparition de ces activités dans La region de p = 1,10 g/ml
du gradient ofi l'enzyme soluble, Ia phosphoglucomutase, a son activitC.
L'activité cytochrome oxydase typique de Ia mitochondrie avait un
profit unimodal a p = 1,18 g/ml. Les activités de Ia glucose-6-
phosphatase microsomale et de la NADPH cytochrome c réductase
donnaient des densités médianes proches de 1,16 g/ml, non modifiées
par l'incubation avec La digitonine. L'activité de Ia galactosyl transfer-
ase avait un profil non aigu a p = 1,16 g/ml avec un faible déplacement
vers des densitCs plus éLevées par la digitonine. Cette étude des
activités enzymatiques et de la distribution scIon le gradient de densité
des composants du tube proximal fournit une methodotogie pour I'étude
ultérieure de ce type cellulaire.
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The proximal tubule cells of mammalian kidneys are
equipped with a highly specialized structure and array of
biochemical systems that permit and promote the directional
transfer of selected materials from one surface of the cell to the
other [1]. Facing the urinary fluid is a highly developed brush
border whose array of microvilli increases the surface area of
the plasma membrane by some 40-fold and serves as the
anchorage site for a large number of transport systems and
hydrolytic enzymes [21. The basal and lateral aspects of the
plasma membrane possess several transport systems different
from those found on the microvilli; the lateral region also
compasses the tight junctional complexes, which limit the
diffusion of substances across this cell layer. A well-developed
lysosomal system has been related to the prominent role of the
proximal tubules in the hydrolysis of protein taken up by
endocytosis from the urine [3, 4]. Peroxisomes are also present
in these cells being implicated in such processes as gluconeo-
genesis, oxidation of small molecules, and energy production
[5].
The isolation of tubule segments or fractions enriched in
tubule cell components have generally been complicated either
by the use of cortical homogenates as starting material or the
use of degradative enzymes to release the tubules from the
surrounding tissue matrix. In the first case, with the exception
of the uniquely localized microvillar membranes, the assign-
ment of a particle-associated activity to a component of the
proximal tubule cells or to any of the numerous cell types
present in the heterogenous renal cortex has proved extremely
difficult. Second, the unavoidable concomitant digestion of
plasma membrane proteins on the tubule cells as well as the
desired digestion of the extracellular matrix has been shown to
affect the metabolism of the isolated tubule segments [6]. To
avoid these problems and to characterize the various classes of
organelles as to their behavior in sucrose gradients and exploit-
able enzyme markers, we have isolated proximal tubule seg-
ments in a highly pure form by the use of exclusively mechani-
cal procedures, and we have subjected them to isopycnic
centrifugation in linear sucrose gradients.
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The definition of the distribution of each class of organelles in
our sucrose gradients provides the foundation for subsequent
studies of the effects of numerous experimental factors and
agents on the physical and enzymatic properties of each class of
organelles. An added advantage is that these stimuli can be
applied in vivo, before isolation, or in vitro, after isolation of
the proximal tubules. The usefulness of this approach in the
study of drug processing and sequestration at various cellular
sites [7, 8] and drug-induced changes in the characteristics of
various components of the proximal tubule cells will be elabo-
rated in subsequent communications.
Methods
Isolation of the proximal tubules. New Zealand white rabbits
weighing 1,5 to 2.0 kg were used in these experiments. We used
a modification of the isolation method for proximal tubules
described by Brendel and Meezan [6] and further elaborated by
Carison et al [9]. Briefly, the rabbit was killed by a blow to the
head, followed by cannulation of the renal arteries and perfu-
sion of the kidneys with 10 to 20 ml of RPMI-1640 culture
medium (Grand Island Biological Co., Grand Island, New
York). This was followed by 10 ml of an iron oxide suspension
in RPMI-l640 fortified with 3 gIdl polyvinylpyrrolidone (40,000
daltons) (Sigma Chemical Co., St. Louis, MO). Except for the
solutions to be perfused, which were warmed to 37° C prior to
use, the other solutions were kept ice-cold. The now black
cortices were separately removed and minced with scissors
prior to detachment of the tubules from the cortical pieces with
eight up and down strokes with a hand homogenizer consisting
of a teardrop shaped plastic (Teflon) plunger in a smooth glass
tube (Arthur Thomas Co., Philadelphia, PA). The homogenate
was poured onto a nylon sieve with a pore size of 210 p (Tetko,
Elmsford, New York) and washed with a gentle spray of buffer.
The material passing through the sieve was collected and
subsequently poured onto a sieve with a pore size of 86 p.. After
a gentle washing to allow the smaller particles to pass through
the sieve, the material retained on the sieve was resuspended in
buffer and held over a magnet. After several decantations over a
magnet, the nearly pure tubules in the suspended fraction were
again held over a magnet, and the few remaining iron-filled
glomeruli and blood vessels were removed with a Pasteur
pipette. The final suspension of tubules was poured onto an
86-p. sieve and washed with 20 ml of 0.25 M sucrose containing 1
mM EDTA (SV medium). The tubules were collected in 10 ml of
SV for disruption of the tubule cells.
Homogenates of cortices obtained from kidneys that had
been perfused with RPMI-1640 were used in the determination
of the specific activity of the cortical enzymes examined in this
study. The homogenates were prepared in SV medium at 4° C
from pieces of cortices using a hand-held glass tissue grinder.
The enzyme assays were performed the same day.
Preparation of the postnuclear supern ate. The isolated proxi-
mal tubules were washed with SV medium while on an
sieve. To release the subcellular organelles, the tubules were
resuspended in 5 ml of SV medium and disrupted with four
series of six strokes of a type B pestle in a 7-ml Dounce
homogenizer (Kontes Co.). After each homogenization, the
homogenate was centrifuged at 2,000 rpm for 9 mm at 4° C in an
International PR-6000 refrigerated centrifuge equipped with a
no. 259 rotor. The supernate was removed with a Pasteur
pipette and kept at 4° C. The pellet was resuspended in 4 ml of
SV medium and homogenized again as described above. The
postnuclear supernates (PNS) were pooled. The final pellet,
which contained the nuclei and connective tissue debris (basal
lamina), was resuspended in 6 ml of SV medium. Light micro-
scopic examination of these fractions failed to reveal any intact
cells, indicating that nearly all of the cells had been disrupted.
Isopycnic centrfugation. Six milliliters of the pooled tubule
PNS were mixed with 1 ml of a 1.34-g/ml sucrose solution and
were layered onto 24 ml of a linear sucrose gradient. The linear
sucrose gradient extended from 1.10 to 1.27 g/ml and rested on a
cushion of 2 ml of 1.34 glml sucrose. Isopycnic centrilugation
was performed in a Beckman LS ultracentrifuge equipped with
a slow acceleration accessory in a vertical rotor (VTI-50) at
49,000 rpm for 3 hours. The centrifuged gradient was collected
in approximately equal aliquots in 15 tared tubes and weighed.
The density of each fraction was determined by refractive index
using an Abbé refractometer (Bausch and Lomb Inc.).
Enzyme determinations. Alkaline phosphodiesterase I (EC
3.1.4.1) [10], ouabain-sensitive sodium- and potassium-activat-
ed magnesium-dependent ATPase (EC 3.6.1.3) [11], galactosyl
transferase (EC 2.4.1.18) [10, 12], glucose-6-phosphatase (EC
3.1.3.9) [13], catalase (EC 1.11.1.6) [14], cytochrome c oxidase
(EC 1.9.3.1) [13, 15], phosphoglucomutase (EC 2.7.5.1) [16],
cathepsin B (EC 3.4.22.1) [17], cs-mannosidase (EC 3.2.1.24) at
a pH of 4.5 [18], and N-acetyl-3-glucosaminidase (EC 3.2.1.30)
at a pH of 4.5 [19] were assayed by established methods.
Aminopeptidase M' (EC 3.4.11.2) was determined in 0.1 M Tris
(pH, 7.75), which contained 5 m magnesium chloride and 2
mM alanyl-p-nitroaniline. 'y-Glutamyl transpeptidase (EC
2.3.2.2) was measured in 0.1 M Tris (pH, 9.0) containing 50mM
glycylglycine, 10 m magnesium chloride, and 5 mr.s 'y-gluta-
myl-p-nitroaniline. After 10 to 15 mm of incubation, the amino-
peptidase M and 'y-glutamyl transpeptidase reaction volumes of
1 ml were diluted with 1 ml 0.1 N acetic acid to stop the
reaction, and the samples were read at 410 nm [20]. Alkaline
phosphatase (EC 3.1.3.1) was assayed in a reaction volume of
120 p.1 containing 7.5 mM para-nitrophenyl phosphate (disodium
salt), 5 m magnesium chloride, 0.1% Triton X-lOO, and 50 mM
borate at a pH of 10.5. The reaction was stopped by the addition
of 1 ml of 0.1 N sodium hydroxide and read at 400 nm. NADPH
cytochrome c reductase (EC 1.6.2.4) was measured by the
method of Beaufay et a! [10] with the modification that the
cytochrome c reagent also contained 0.38 M sodium chloride
and 0.12% Triton X-100 (personal communication, Dr. C.
Darte). With the exceptions of catalase, which was assayed at
4° C, cytochrome c oxidase and reductase, and phosphogluco-
mutase, which were assayed at 25° C, the incubations were
performed at 37° C. N-Acetyl-3-glucosaminidase latency was
determined in citrate buffer (pH, 6.0) as described by Tulkens,
Beaufay, and Trouet [15]. Protein was assayed by the method of
Lowry et a! [21], with bovine serum albumin as a standard. All
reagents were of the highest analytical grade available and were
obtained from the Sigma Chemical Co., Merck, and Koch-Light
Laboratories.
Cytochrome c oxidase and catalase activities were expressed
in units as defined by Cooperstein and Lazarow [22] and by
'The terms aminopeptidase M and alanyl aminopeptidase have been
used herein to describe the same enzyme activity.
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glucosaminidase 20.2 2.4 (N = 12) 35.0 5.5 (N = 13) 82.2 8.3 (N = 8) 1.2145 0.0066 (N = 8)
Cathepsin B 11.7 2.2 (N = 10) 5.2 1.3 (N = 5) 81.3 3.9 (N = 6) 1.2218 0.0039 (N = 6)
a-Mannosidase 18.3 2.9 (N = 7) 7.5 0.8 (N = 5) 83,1 4.9 (N = 6) 1.2186 0.0056 (N = 6)Catalase 151.1 7.9 (N = 4) 102.9 15.0 (N = 5) 86.2 8.1 (N = 4) 1.2091 0.0125 (N = 4)Cytochrome c oxidase 34.1 7.2 (N = 10) 61.7 5.6 (N = 5) 75.5 9.8 (N = 6) 1.1882 0.0028 (N = 6)
Glucose-6-Phosphatase 58.4 9.4 (N = 11) 38.9 9.3 (N = 5) 82.0 6.7 (N = 7) 1.1729 0.0041 (N 7)
NADPH cytochrome c
reductase 9,9 1.8 (N = 5) 10.8 0.6 (N = 8) 76.2 2.8 (N = 4) 1.1689 0.0045 (N = 4)
Alkaline
phosphodiesterase I 335.1 31.2 (N = 10) 272.4 24.2 (N = 5) 86.1 5.0 (N = 5) 1.1669 0.0042 (N = 5)
'y-Glutamyl-transpeptidase 1,275 193 (N = 14) 1,189 176 (N = 7) 86.7 5.4 (N = 6) 1.1661 0.0024 (N = 6)
Alanyl aminopeptidase 253.5 28.5 (N = 11) 260.4 23.7 (N = 8) 87.0 4.3 (N = 5) 1.1690 0.0038 (N = 5)
Alkaline phosphatase 103.1 35.8 (N = 6) 106.5 4.0 (N = 6) 85.6 2.2 (N = 4) 1.1620 0.0015 (N = 4)
Na-K-ATPase 346.9 28.6 (N = 6) 149.2 16.6 (N = 8) 71.8 9.7 (N = 6) 1.1663 0.0057 (N = 6)
Galactosyl transferase 0.031 0.003 (N = 4) 0.027 0.002 (N = 7) 86.2 0.4 (N 4) 1.1606 0.0043 (N = 4)
Phosphoglucomutase 339.7 44.3 (N = 4) 432.0 30.9 (N = 5) 90.9 3.2 (N = 4) 1.1017 0.0053 (N = 4)Protein — — 79.5 6.2 (N = 7) 1.1728 0.0046 (N = 7)
SEM.a Values are the means
"Postnuclear supernates
Baudhuin et a! [14], respectively. Enzyme activities were
expressed as milliunits of activity per milligram of protein,
where 1 mU represents the hydrolysis, reduction, or incorpo-
ration of 1 nmole of substrate per minute.
The corresponding graphs of the frequency-density distribu-
tion were calculated by the method of Leighton et al [23].
Results and discussion
At the level of the light microscope, it has been repeatedly
found that the final preparation consists of these structures in
the following percentages: proximal tubules, 99.2%; glomeruli,
0.2%; distal tubule, 0.2%; blood vessels, 0.2%; connective
tissue fragments and individual cells, 0.2% (VanHoof, Morin,
and Hjelle, unpublished observations). Electron microscopic
examination of the isolated proximal tubules (data not shown)
confirmed earlier reports [9, 24, 25] that these tubules are
composed of cells possessing the ultrastructural features dis-
tinctive of the proximal convoluted tubules: highly developed
brush border and basal labyrinth, mitochondria localized to the
basal pole of the cell, electron-dense lysosomes, and a tortuous
convoluted structure. On the basis of these criteria, we have
tentatively concluded that these tubules are derived from the S1
and early S2 segments of the convoluted proximal tubule.
The specific activities of those enzymes used as markers for
the organelles of the proximal tubule cells are shown in Table 1.
The relative enrichment of these enzymes in the tubules over
the cortices falls into three broad groups. A group including Na-
K-ATPase, catalase, glucose-6-phosphatase, a-mannosidase,
and cathepsin B was enriched 1.5- to 2.5-fold. The second group
showed a 0.8- to 1.3-fold enrichment and included phosphodies-
terase I, NADPH, cytochrome c reductase, galactosyl transfer-
ase, and the putative brush-border enzymes, aminopeptidase
M, y-glutamyl transpeptidase and alkaline phosphatase. The
third group included cytochrome c oxidase, phosphoglucomu-
tase, and N-acetyl-3-glucosaminidase and showed a 0.5- to 0.8-
fold enrichment. These differences in the specific activities of
the enzymes of the isolated tubules relative to those of the
cortex as a whole underscore the extreme importance of
removing the undesired extraneous cells before attempting to
define the enzymology of the proximal tubule cells.
To determine if the profiles of the market enzyme activities
obtained from the isopycnic centrifugation of PNS in linear
sucrose gradients were representative of the total population of
each cellular component, we calculated the ratio of the activity
of each enzyme in the PNS to the sum of its activity in the PNS
and N fractions, expressed in percent (Table 1). These values
range from 71.8% for the putative basolateral plasma membrane
marker Na-K-ATPase, to 90.9% for the soluble cytosolic en-
zyme phosphoglucornutase, and they compare favorably with
other PNS fractions obtained from freshly isolated, single-cell
type preparations [26] and whole rat liver [27, 28]. In three
separate experiments, the percentage of the Na-K-ATPase
activity present in the PNS was increased to 82% by two
additional series of homogenizations and washings. Despite this
enhanced extraction of enzyme activity into the PNS, the
frequency-density profiles for the various nonlatent enzymes
assayed in this study were indistinguishable from those profiles
obtained for the lower extraction values.
The homogenization process must be titrated so as to be of
sufficient intensity to release the organelles from the cells but
yet mild enough to preserve the structural integrity of the freed
organelles. An index of lysosomal structural integrity, latent N-
acetyl-3-glucosaminidase activity, was found to be 76.6 2.7%(N = 6) in PNS obtained from the isolated tubules. For
comparison, the latency for this same enzyme in PNS obtained
from other freshly isolated, single-cell type preparations have
been reported to be 58.6% for rabbit aortic cells [26], 75.2% for
rat liver parenchyma! cells, 71.4% for the biliary tract cells,
62.5% for the Kupffer cells [29], and 85.8% for rat jejunal
enterocytes [30].
An examination of the frequency-density profiles for those
activities by analogy known to be associated with the lyso-
somes, N-acetyl-f3-glucosaminidase, cathepsin B, and a-man-
nosidase, reveals a large peak of activity near a density of 1.21
g/ml and represents intact lysosomes (Fig. 1). Small peaks of






activity in that region of the gradient where the cytosolic
enzyme marker phosphoglucomutase (1.10 g/ml) is detected is
most probably from the enzyme that has leaked from the
lysosomes during preparation of the PNS. The differences in the
amount of apparent soluble enzyme activity near p = 1.10 gIml,
the amount of skew of the lysosomal peak, and the differences
in median densities are at least in part related to the ability of
the free enzyme to bind to other particles. Booth and Kenny
[31] have shown that lysosomal enzymes released during the
preparation of microvilli bind to the purified membranes pres-
ent in the microvilli preparation and can be removed by
repeated washing of the membranes with saline. Rupture of the
lysosomes in our PNS by either freezing and thawing or treating
with digitonin resulted in nearly all of the cathepsin B activity
and lesser amounts of the N-acetyl-3-g1ucosaminidase and a-
mannosidase activities appearing at a density of 1.10 gIml. The
remaining N-acetyl-3-g1ucosaminidase and a-mannosidase ac-
tivities were associated with a peak near p 1.16 glml (data not
shown).
Numerous cell fractionation studies have demonstrated a
marked heterogeneity in sedimentation properties and buoyant
densities of the lysosomes prepared from whole rat kidney
homogenates (for review, see Refs. 32, 33). This heterogeneity
of lysosomal populations has been proposed to be due to the
multiplicity of cell types present in the whole kidney. Although
the frequency-density profiles obtained for the three lysosomal
enzymes examined in this study of the proximal tubules are
consistent with the presence of a single population of lyso-
somes, a larger number of lysosomal enzymes must be exam-
ined before the presence of subpopulations can be excluded.
The presence of peroxisomes in the proximal tubule cells has
been verified by others using electron microscopy [1] and in this
study by the presence of particle-associated catalase activity.
The peroxisomal marker enzyme catalase gives activity in two
regions of the gradient (Fig. 1). A peak with a median density of
1.2266 g/ml containing 63% of the total activity corresponds to
the density of intact peroxisomes observed in liver [28, 30, 34].
The activity found in the lower density region of the gradient
can be accounted for by the free enzyme [15].
As can be readily observed, the lysosomal-peroxisomal re-
gion of the gradient is resolved from the buoyant density of the
next nearest marker enzyme, the mitochondrial enzyme cyto-
chrome oxidase (Fig. 1). Cytochrome oxidase activity exhibits
an unimodal distribution with a median density of 1.1853 g/ml.
This mitochondrial marker activity is partially resolved from
the peak activity of the microvilli marker, aminopeptidase M,
and the microsomal marker, glucose-6-phosphatase, by 1 to 2
fractions.
The plasma membrane of the proximal tubule cells has three
different and specialized regions: a brush-border composed of
densely packed microvilli, which faces the urinary fluid; a basal
region having one component adjacent to and forming attach-
ments with the connective tissue scaffold (basement membrane)
and another component associated with the interdigitating cell
processes and small basal villi; and a lateral region containing
tight junctional complexes with the adjacent proximal tubule
cells. Preparations of rabbit cortical brush-borders [35—37] and
microvilli [31] have been reported to exhibit 10- to 20-fold
enrichments for several enzymes activities, including y-gluta-
myl transpeptidase, alkaline phosphatase, and aminopeptidase
M. Unimodal profiles with nearly identical median densities
were obtained for -y-glutamyl transpeptidase, alkaline phospha-
tase, and aminopeptidase M in our sucrose gradients (Fig. 2).
Alkaline phosphodiesterase I, a component of the renal brush-
border [38] and a known plasma membrane marker in the liver
[28, 34], gave a similar profile and median density (Fig. 2).
Under the conditions used in these experiments, the ouabain
sensitive Na-K-ATPase activity, a marker for the basolateral
plasma membrane [39, 401, distributes in a unimodal manner
with a median density of 1.1663 glml. This distribution is nearly
identical to that of the microvilli markers just described.
Notable by its absence is the plasma membrane marker 5'-
nucleotidase (AMPase). When we have used specific assays for
the AMPase that use 3-glycerophosphate to "divert" the
nonspecific phosphatases [41], no AMPase activity was ob-
served in homogenates of proximal tubules. This is in agree-
ment with the finding of George and Kenny [35] that all of the
apparent AMPase activity in their brush-border membranes
could be accounted for by the activity of alkaline phosphatase
at a pH of 7.0. Our finding would extend this observation to the
entire proximal tubule cell and not just the brush-border region.
.10
Density, g/mI
Fig. 1. Frequency-density profiles of the activities associated with the
lysosomal, peroxisomal, mitochondrial, microsomal, and Golgi parti-
cles, in linear sucrose gradients after isopycnic centrifugation. Enzyme
recoveries from the gradients were N-acetyl-3-gIucosaminidase, 81%;
cathepsin B, 95%; a-mannosidase, 85%; cytochrome oxidase, 84%;
glucose-6-phosphatase, 88%; catalase, 95%; galactosyl transferase,
100%; NADPH: cytochrome c reductase, 110%; and protein, 94%.






The marker enzymes for the microsomal membranes, glu-
cose-6-phosphatase and NADPH : cytochrome c reductase,
exhibited similar unimodal profiles and median densities of
1.1729 and 1.1689 g/ml, respectively. The profile of the galacto-
syl transferase activity, a Golgi marker enzyme, was unimodal
but skewed into the denser region of the gradient. To further
distinguish between those activities associated with the plasma
membrane and those of the microsomal and Golgi membrane,
PNS prepared from the isolated tubules was treated with
digitonin to a final concentration of 0.12 mit [28, 34, 42, 43]. A
significant digitonin-induced shift to a heavier median density
was observed for the plasma membrane markers: aminopepti-
dase M to p = 1.1975 glml, phosphodiesterase Ito p = 1.1983 gJ
ml, alkaline phosphatase to p = 1.1898 g/ml, -y-glutamyl trans-
peptidase top = 1.1943 glml, and Na-K-ATPase top = 1.1901.
These plasma membrane markers maintained their unimodal
profiles when treated with digitonin (Fig. 3). Cytochrome
oxidase (mitochondria) and NADPH cytochrome c reductase
(microsomes) did not shift in response to digitonin. A compo-
nent of the galactosyl transferase activity (Golgi) exhibited a
slight shift to a heavier density whereas 28% of the activity
appeared in that region of the gradient where the soluble
enzymes were found (Fig. 3).
Cell fractionation studies of the jejunal enterocyte, another
cell with a prominent brush-border region, have shown that
intact sheets of brush-border regions exhibit a median density
of 1.20 to 1.22 g/ml [30, 431. This is clearly heavier than the p
value of 1.16 to 1.17 g/ml found in this study. This discrepancy






microvilli versus that of the densely packed sheets of microvilli
that make up the brush-border. George and Kenny [35] have
reported that rabbit kidney brush-border membranes could only
be obtained under the mildest cortical-disrupting conditions.
They observed that the usual techniques for homogenizing
tissue, including Dounce homogenization, caused extensive
disruption of the brush-border to give free microvilli that
sedimented with the microsomes. Their report is in complete
agreement with our finding that the glucose-6-phosphatase
activity of microsomes and the marker activities for the brush-
border (microvilli) exhibit nearly the same distribution in our
sucrose gradients (Fig. 3). Similar findings of an overlap of the
brush-border and microsomal enzyme activities have been
reported when extracts of renal cortices were subjected to
isopycnic centrifugation [44—46].
In general, the organelles of the proximal tubules behave in a
manner similar to that of the liver [28, 29]. But, we urge you not
to make too hasty a comparison of the data described herein
with those obtained from experiments with cultured cells.
1.10 1.20 1.10 1.201.10 1.20
Density, gimi
Fig. 2. Frequency-density profiles of the enzyme activities associated
with the brush-border and basolateral region of the plasma membrane,
and the cytosol in linear sucrose gradients after isopycnic centrifuga-
tion. Enzyme recoveries from the gradients were alanyl aminopepti-
dase, 115%; 'y-glutamyl transpeptidase, 94%; alakaline phosphodiester-
ase I, 94%; phosphoglucomutase, 110%; Na-K-ATPase, 100%; and
alkaline phosphatase, 93%.
1.10 1.20 1.10 1.20 1.10 1.20
Density, g/mI
Fig. 3. Frequency-density profiles of enzyme activities in the presence
(cross hatched) and absence (dark line) of 0.12 mw digilonin in linear
sucrose gradients after isopycnic centrifugation.
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Fowler, Shio, and Walinsky [19] have shown that the lysosomes
of freshly isolated calf aortic smooth muscle cells have a median
density of 1.159 glml, which increases to p = 1.229 g/ml with
subsequent growth in 50% fetal calf serum. Significant changes
in the specific activities of several enzymes and the densities of
the plasma membrane, microsomes, and mitochondria were
also noted during growth in tissue culture. The loss of certain
enzyme activities during culture by vascular endothelial cells
has also been reported [47].
The study of drugs or drug carriers targeted to selected cell
types and cellular components [48, 49] requires that the experi-
mental systems routinely used to be similar to the conditions
likely to be encountered in vivo. As such, the isolated proximal
tubules represent a system that can be challenged in vitro and in
vivo, and is representative of those cellular biochemical and
physiologic processes found in vivo. The application of analyti-
cal cell fractionation techniques to the study of drug uptake,
metabolism, and sequestration in the isolated proximal tubules
has shown encouraging results [7, 8].
Acknowledgments
A preliminary report of this work was presented at the 1st Interna-
tional Symposium on Drugs Effects on the Kidney held in Sydney,
Australia, Oct. 29—31, 1979. Dr. Hjelle is a recipient of a special
Pharmaceutical Manufacturer's Association Foundation fellowship
from which the major support for this work was derived. Dr. Morin is a
recipient of an 1.C.P. fellowship. We acknowledge the following
assistance: 0. Mariaux-Hudsyn and F. Renoird-Andries for technical
assistance, Drs. C. de Duve, P. Baudhuin, P. Tulkens, Y. J. Schneider,
F. Van Hoof, C. Gotfredsen, J. Quintart, and A. Zenebergh for
encouragement and discussions; Dr. C. Darte for sharing his improve-
ments in the methodology for the measurement of NADPH: cyto-
chrome c reductase; and Y. Marchand and R. Cottem-Bury for typing
the manuscript.
Reprint requests to Dr. J. T. HjelIe, Peoria School of Medicine, 123
S.W. Glendale Ave., Peoria, Illinois 61605, USA
References
I. KijssiNG B, KRIz W: Structural analysis of the rabbit kidney.
Adv Anat Embrol Cell Biol 56:42—51, 1979
2. TISHER CC: Anatomy of the kidney, in The Kidney, edited by
BRENNER BM, RECTOR FC, Philadelphia, W.B. Saunders, 1976,
vol. 1, pp. 3—57
3. STRAUS W: Cytochemical observations on the relationship between
lysosomes and phagosomes in kidney and liver by combined
staining for acid phosphatase and intravenously injected horserad-
ish peroxidase. J Cell Biol 20:497—507, 1964
4. STRAUS W: Occurrence of phagosomes and phago-lysosomes in
different segments of the nephron in relation to the reabsorption,
transport, digestion, and extrusion of intravenously injected horse-
radish peroxidase. J Cell Biol 21:295—308, 1964
5. MAUNSBACH AB: Ultrastructure of the proximal tubule, in Hand-
book of Physiology, Section B, Renal Physiology, edited by
ORLOFF J, BERLINER RW, Baltimore, Williams and Wilkins Co.,
1973
6. BRENDEL K, MEEZAN E: Isolation and properties of a pure
preparation of proximal kidney tubules obtained without collage-
nase treatment. Fed Proc 34:803, 1975
7. TULKENs P, VAN HOOF F, M0RIN JP, HJELLE JT, CARLIER MB,
DE BROE M, ZACHEE P, VERPOOTEN G, BEUWENS R, DE BARSY T:
Toxicity of the aminoglycoside antibiotics Gentamicin, Tobramycin
and Amikacin in cultured cells and in kidney. Toxicol Letters 1:119,
1981
8. M0RIN JP, VIOTTE G, VANDEWALLE A, VAN HOOF F, TULKENSP,
FILLASTRE JP: Gentamicin-induced nephrotoxicity: A cell biology
approach. Kidney mt 18:583—590, 1981
9. CARLSON E, BRENDEL K, HJELLE JT, MEEZAN E: Ultrastructural
and biochemical analyses of isolated basement membranes from
kidney glomeruli and tubules, and brain and retinal microvessels. J
Ultrastruct Res 62:26—53, 1978
10. BEAUFAY H, AMAR-COSTE5EC A, THINES-SEMPOUX D, WIBO M,
ROBBI M, BERTHET J: Analytical study of microsomes and isolated
subcellular membranes from rat liver: I. Biochemical Methods. J
Cell Biol 61:188—200, 1974
11. JØRGENSEN P, SKov JC: Preparation of highly active (Nat + K)
AMPase from the alter medulla of rabbit kidney. Biochern Biophys
Res Corn 37:39—46, 1969
12. RAO CJS, CHYATTE D, NADLER HL: Enhancement of UDP galac-
tose: Glycoprotein galactosyltransferase in cultured human skin
fibroblasts by cationic polypeptides. Biochim Biophys Acta
541:435—443, 1978
13. DE DUVE C, PRESSMAN BC, GIANETTO R, WATTIAUX R,
APPELMANS F: Tissue fractionation studies: 6. Intracellular distri-
bution patterns of enzymes in rat-liver tissue. Biochern J 60:604—
617, 1955
14. BAUDHUIN P. BEAUFAY H, RAHMAN LI Y, SELLINGER OZ,
WATTIAUX R, JACQUES P, DE DUVE C: Tissue fractionation stud-
ies: 17. Intracellular distribution of monoamine oxidase, aspartate
aminotransferase, alanine aminotransferase, D-aminoacid oxidase
and catalase in rat liver tissue, Biochem J 92:179—184, 1964
15. TULKENS P, BEAUFAY H, TROUET A: Analytical fractionation of
homogenates from cultured rat embryo fibroblasts. J Cell Biol
63:383—401, 1974
16. RAY WJ, ROSCELLI GA: A kinetic study of the phosphoglucomu-
tase pathway. J Biol Chern 239:1228—1235, 1964
17. BARRETT AJ: A new assay for cathepsin B1 and other thiol
proteinases. Anal Biochem 47:280—293, 1972
18. DEWALD B, TOU5TER 0: New a-D-mannosidase occurring in Golgi
membranes. J Bid Chern 248:7223—7233, 1973
19. FOWLER 5, SHIO H, WALINSKY H: Subcellular fractionation and
morphology of calf aortic smooth muscle cells. J Cell Biol 75:166—
184, 1977
20. ORLowsKI M, MEISTER A: Isolation of -y-glutamyl transpeptidase
from hog kidney. J Biol Chem 240:338—347, 1965
21. LOWRY OH, ROSENBROUGH NJ, FARR AL, RANDALL Ri: Protein
measurement with the folin phenol reagent. J Biol Chem 224:1047—
1064, 1957
22. COOPERSTEIN Si, LAZAROW A: A microspectrophotometric meth-
od for the determination of cytochrome oxidase. J Bio! Chem
189:665—670, 1951
23. LEIGHTON F, POOLE B, BEAUFAY H, BAUDHUIN P, COFFEY JW,
FOWLER S, DE DUvE C: The large-scale separation of peroxisomes,
mitochondria and lysosomes from the livers of rats injected with
Triton WR 1339. J Cell Biol 37:482—5 13, 1968
24. HJELLE JT: The Structure and Metabolism of the Glomerular
Basement Membrane. Ph.D. Dissertation, University of Arizona,
1976
25. CARLSON EC, BRENDEL K, MEEZAN E: Striated collagen fibrils
derived from ultrastructurally pure isolated basal lamina, in Biology
and Chemistry of Basement Membranes edited by KEFALIDES NA,
New York, Academic Press, 1978, pp. 31—41.
26. PETERS Ti, MULLER M, DE DUvE C: Lysosomes of the arterial
wall: I. Isolation and subcellular fractionation of cells from normal
rabbit aorta. J Exp Med 136:1117—1139, 1972
27. AMAR-COSTESEC A, BEAUFAY H, WIBO M, THINE5-SEMpoux D,
FEYTMANS E, RoBEs M, BERTHER J: Analytical study of micro-
somes and isolated subcellular membranes from rat liver: II.
Preparation and composition of the microsomal fraction. J Cell Biol
61:201—212, 1974
28. BEAUFAY H, AMAR-COSTESEC A, THINES-SEMPOUX D, WIBO M,
R0BBI M, BERTHET J: Analytical study of microsomes and isolated
subcellular membranes from rat liver: LII. Subfractionation of the
microsomal fraction by isopycnic and differential centrifugation in
density gradients. J Cell Biol 61:213—231, 1974
29. SELDEN C, WOOTTON AM, Moss DW, PETERS Ti: Analytical
subcellular fractionation studies on different cell types isolated
from normal rat liver. Cliii Sci Mo! Med 55:423—427, 1978
30. PETERS TJ, SHI0 H: Analytical subcellular fractionation on rat liver
and on isolated jejunal enterocytes with special reference to the
Proximal tubule fractionation 77
separation of lysosomes, peroxisomes and mitochondria. Clin Sci
Mol Med 50:355—366, 1976
31. BOOTH AG, KENNY AJ: A rapid method for the preparation of
microvilli from rabbit kidney. Biochem J 142:575—581, 1974
32. BEAUFAY H: Methods for the isolation of lysosomes, in Lysosomes
in Biology and Pathology, edited by DINGLE iT, FELL HB,
Amsterdam, North-Holland Publishing Co., 1969, vol. 2, pp. 515—
544
33. DAVIES M: The heterogeneity of lysosomes, in Lysosomes in
Biology and Pathology, edited by DINGLE iT, FELL HB, Amster-
dam, North-Holland Publishing Co., 1969, vol. 4, pp. 305—348
34. SMITH GD, PETERS TJ: Analytical subcellular fractionation of rat
liver with special reference to the localization of putative plasma
membrane marker enzymes. Ear J Biochem 104:305—311, 1980
35. GEORGE SG, KENNY AJ: Studies on the enzymology of purified
preparations of brush-border from rabbit kidney. Biochem J
134:43—57, 1973
36. BERGER Si, SACKTOR B: Isolation and biochemical characterization
of brush-borders from rabbit kidney. J Cell Biol 47:637—645, 1970
37. QuIRK Si, ROBINsoN GB: Isolation and characterization of rabbit
kidney brush-borders. Biochem J 128:1319—1328, 1972
38. BOOTH AG, KENNY AJ: Proteins of the kidney microvillus mem-
brane: Identification of subunits after sodium dodecyl sulphate!
polyacrylamide-gel electrophoresis. Biochem J 159:395—407, 1976
39. SCHMIDT U, DUBACH UC: NaK stimulated adenosine-triphospha-
tase: Intracellular localization within the proximal tubule of the rat
nephron. Eur J Physiol 330:265—270, 1971
40. KYTE J: Immunofemtin determination of the distribution of (Na
+ K) ATPase over the plasma membranes of renal convoluted
tubules: II. Proximal segment. J Cell Biol 68:304—318, 1976
41. AVRUCH J, WALLACH DFH: Preparation and properties of plasma
membrane and endoplasmic reticulum fragments from isolated rat
fat cells. Biochim Biophys Acta 233:334—347, 1971
42. LEWIS BA, ELKIN A, MICHELL RH, COLEMAN R: Baso-lateral
plasma membrane of intestinal epithelial cells. Identificaiton by
lactoperoxidase-catalyzed iodination and isolation after density
perturbation with digitonin. Biochem J 152:71—84, 1975
43. PETERS TJ: Analytical subcellular fractionation of jejunal biopsy
specimens: Methodology and characterization of the organelles in
normal tissue. C/in Sc! Mol Med 5 1:557—574, 1976
44. BINKLEY F, KING N, MILIKIN E, WRIGHT RK, O'NEAL CH,
WUNDRAM Ii: Brush-border particulates of renal tissue. Science
162:1009—1011, 1968
45. THUNEBERG L, ROSTGAARD J: Isolation of brush-border fragments
from homogenates of rat and rabbit kidney cortex. Exp Cell Res
51:123—140, 1968
46. KUHLENSCHMIDT T, CURTHOYS NP: Subcellular localization of rat
kidney phosphate independent glutaminase. Arch Biochem Biophys
167:519—524, 1975
47. HAYES LW, GOGIJEN CA, STEVENS AL, MAGARGAL WW, SLAKEY
LL: Enzyme activities in endothelial cells and smooth muscle cells
from swine aorta. Proc Nat! Acad Sc! USA 76:2532—2535, 1979
48. TROUET A: Increased selectivity of drugs linked to carriers. Ear J
Cancer 14:105—111, 1978
49. DC DUVE C, DC BARSY T, POOLE B, TROUET A, TULKENS P, VAN
HOOF F: Lysosomotropic agents. Biochem Pharmacol 23:2495—
2531, 1974
